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As the nitrogen discharge limit gets more stringent, ammonium and nitrate residual in 
the effluent of mainstream deammonification process are becoming an issue that need 
to be addressed. Thus, developing a post-deammonification polishing process is 
necessary to promote the implementation of mainstream deammonification. In this 
study, a final polishing process coupling anammox with partial denitrification is 
proposed to simultaneously remove ammonium and nitrate, and the long-term (120 
days) impact of carbon type and COD/N ratio on promoting partial denitrification was 
evaluated. Results suggested that acetate and glycerol displayed a good potential for 
promoting partial denitrification. However, methanol showed challenges of 
establishing efficient partial denitrification in long-term operation. The key factor for 
a successful concurrent operation of anammox and partial denitrification lies on 
  
controlling the balance between denitrifier rate and AnAOB rate to simultaneously 
remove residual ammonium and nitrate.  
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Chapter 1  Introduction 1 
1.1 Problem Statement 2 
 In wastewater treatment processes, the possibility of replacing conventional 3 
nitrogen removal processes with mainstream deammonification is being investigated, 4 
and it showed a promising potential for its energy effectiveness and nutrient removal 5 
efficiency (WERF, 2015). However, most of the proposed technologies and 6 
operational strategies had an effluent issue containing a total nitrogen residual higher 7 
than 5 mg N/L, mainly in the form of NO3- and NH4+  (Han et al. 2015; Regmi et al. 8 
2015). As the nitrogen discharge limit is getting more stringent, a nitrogen polishing 9 
step for the effluent of mainstream deammonification process is essential. 10 
Conventionally, nitrogen polishing can be done through nitrification and 11 
denitrification. However, both of these processes are costly operations as aeration for 12 
nitrification requires a lot of energy, and denitrification needs the addition of an 13 
external carbon as energy source. Therefore, a more cost-effective final polishing 14 
step, which is driven by the concurrent operation of partial denitrification and 15 
anammox process, is proposed. Theoretically, 100% cost of aeration and up to 60% 16 
cost of external carbon can be saved by using this polishing step. 17 
1.2 Objectives 18 
 The overall goal of this study is to investigate the feasibility of developing an 19 
anoxic nitrogen polishing step for the effluent of mainstream deammonification 20 
systems. Effluent from these systems usually contain ammonium and nitrate (Han et 21 




anoxic nitrogen polishing step performing partial denitrification and anammox 23 
process. In this polishing step, nitrate is expected to be only reduced to nitrite through 24 
denitrification and then the ammonium and nitrite are removed through anammox. 25 
Therefore, promoting partial denitrification over full denitrification is crucial to 26 
maintain the efficiency of the nitrogen polishing step. The objective of this study are: 27 
1) Investigate the impact of type of external carbon (acetate, methanol, and 28 
glycerol) on selecting partial denitrification. 29 
2) Estimate the impact of low COD/N ratio on selecting partial 30 
denitrification. 31 
3) Evaluate the AnAOB activity on the concurrent operation of partial 32 





Chapter 2  Literature Review 35 
 36 
2.1 Biological Nutrient Removal Processes 37 
 Nitrogen and phosphorus are the main reasons to cause eutrophication, which 38 
induces overgrowth of plants and algae and may reduce the dissolved oxygen content, 39 
in water bodies (U.S. EPA, 2007). It is important to reduce the content of these 40 
nutrients in treated wastewater before it is discharged. To alleviate the situation of 41 
nutrient excess in water bodies, many point source dischargers (e.g., wastewater 42 
treatment plant) have received stringent limits for nitrogen and phosphorus level in 43 
their effluent (U.S. EPA, 2007). Biological nutrient removal (BNR) processes remove 44 
total nitrogen and total phosphorus from wastewater with the use of microorganisms 45 
under different operation environment in the treatment processes (Metcalf and Eddy, 46 
2003). In most facilities using BNR processes, both nitrogen and phosphorus are 47 
removed simultaneously (Williams & Wilson, 1994). In raw wastewater, the majority 48 
of nitrogen exists in the form of organic nitrogen, which may be bound in complex 49 
organic compounds, and ammonia. The mostly used biological treatment processes 50 
for removal of nitrogen is through nitrification and denitrification, which convert 51 
ammonia to nitrate and nitrogen gas consequently. Phosphorus, generally, in the 52 
influent wastewater is removed through two steps. Firstly, polyphosphate-53 
accumulating organisms (PAOs) assimilate carbon sources and store them as poly-b-54 
hydroxyalkanoates (PHAs) under anaerobic condition. Then PAOs use these PHAs 55 
for growth and at the meantime can store phosphate as intracellular polyphosphate, 56 




2.1.1 Nitrification 58 
Nitrification is a two-step aerobic process to convert ammonia (NH4--N) to 59 
nitrate (NO3+-N) with nitrite (NO2--N) as an intermediate product. The conversion is 60 
mainly driven by two groups of autotrophic bacteria as follows: ammonia oxidizing 61 
bacteria (AOB) which oxidize ammonia to nitrite and nitrite oxidizing bacteria 62 
(NOB) which further oxidize nitrite to nitrate (Metcalf and Eddy, 2003). Most of the 63 
studied AOB belongs to the genera Nitrosomonas and NOB is mainly from the genus 64 
Nitrobacter and Nitrospira (Davis, 2011). The two-step oxidation processes are as 65 
described below: 66 
First step by AOB: 67 
 NH4+ + 1.5 O2  NO2- + 2H+ +H2O  (1) 68 
Second step by NOB: 69 
 NO2- + 0.5 O2  NO3-    (2) 70 
The total reaction: 71 
 NH4+ + 2 O2  NO3- + 2H+ +H2O  (3) 72 
Based on equation (3), the theoretical oxygen demand for the total nitrification 73 
process is calculated as 4.57 g O2/g N, where 3.43 g O2 for ammonia conversion and 74 
1.14 g O2 for nitrite oxidation. Besides dissolved oxygen (DO), nitrification also 75 
requires sufficient alkalinity. Davis (2011) specified that 7.14 g of alkalinity as 76 
CaCO3 is needed for oxidizing 1 g of ammonia.  77 
Several environmental factors influence the nitrification process, such as pH, 78 
DO concentration, and temperature. Generally, nitrification process in wastewater 79 




range of 6.8 to 8 (Davis, 2011; Metcalf and Eddy, 2003). DO level above 2.0 mg/L is 81 
recommended for nitrification process, and negative effect to the degree of 82 
nitrification is induced when DO level is below 0.5 mg/L (Grady et al., 1999). 83 
Temperature has an impact on the nitrification processes by affecting growth rate of 84 
nitrifiers. An exponential increase of specific growth rate can be observed between 5 and 85 
30°C and the specific growth starts to decrease to zero when the temperature is higher 86 
than 35°C (Henze et al., 2002). 87 
2.1.2 Denitrification 88 
 Denitrification is an anoxic respiration process in which nitrate is eventually 89 
reduced to nitrogen gas. It occurs whenever nitrate is present and oxygen is depleted. 90 
In wastewater treatment processes, nitrate can be reduced to nitrogen gas (N2) with 91 
nitrite (NO2-), nitric oxide (NO), and nitrous oxide (N2O) as intermediate products 92 
after ammonia is converted to nitrate through nitrification process. The metabolic 93 
pathway is displayed as follows: 94 
  NO3⁻  NO2⁻  NO  N2O  N2  (4) 95 
 A broad range of facultative anaerobic bacteria can perform denitrification, 96 
but the denitrifying ability of them varies (Alexander, 1961). Some of them are only 97 
capable of reducing nitrate to nitrite, some of them can only reduce nitrite to nitrogen 98 
gas, and some of them are able to reduce both nitrate to nitrite to nitrogen gas. 99 
Denitrifiers are presented in all main phylogenetic groups, most of them are 100 
heterotrophic bacteria, although autotrophic denitrifiers have also been discovered 101 




 In each step of the denitrification process, oxidation of electron donors, 103 
organic matter in most cases, would happen corresponding to the reduction of 104 
oxidized form of nitrogen. In wastewater treatment plants, an external carbon source 105 
is added into denitrification process to provide sufficient chemical oxygen demand 106 
(COD). The total reaction can be written as nitrate-based half reaction, where e- 107 
represents the donated electrons from organic matter, and complete reaction 108 
stoichiometry for the biodegradable organic matter below (U.S.EPA: 109 
  10e- + 2NO3- + 12H+  N2 + 6H2O   (5) 110 
  C10H19O3N + 10NO3-  5N2 + 10CO2 + 3H2O + NH3 + 10OH-  (6) 111 
 Based on equation (5), 5 mole of electrons, which is equivalent to the 112 
electrons provided by 1.25 mole of oxygen, are needed for reducing 1 mole of nitrate, 113 
thus 2.86 gram of oxygen is needed to reduce 1 g of NO3-N to nitrogen gas.   114 
 The main environmental factors influencing the denitrification process are pH, 115 
DO concentration, and temperature. Similar to nitrification process, pH also affects 116 
the growth rate of denitrifiers. The optimum pH for denitrification has been reported 117 
between 7.0 and 9.0 (Christensen and Harremoes, 1977; Dangcong et al., 2004). As 118 
shown in equation (6), pH increases in denitrification process as OH- is produced. It is 119 
reported that 3.57 g of alkalinity (as CaCO3) is produced for 1 gram of nitrate nitrogen 120 
being reduced (Metcalf and Eddy, 2003). Oxygen can affect the denitrification process by 121 
inhibiting the synthesis and activity of enzyme (Korner and Zumft, 1989). Additionally, 122 
Betlach and Tiedje (1981) demonstrated that the presence of DO might induce the 123 
accumulation of intermediate products. As denitrification is an anoxic process, the 124 
presence of oxygen could stop nitrate reduction as oxygen is a more active electron 125 




optimizing denitrification process (Knowels, 1982). Temperature is an important factor 127 
affecting the growth rate and activity of microorganisms. The relationship between 128 
reaction rate and temperature for denitrification process has been reported as linear 129 
correlated in the range of 5 to 35°C, with an optimum of 40°C (Lewandowski, 1982). 130 
2.1.3 Anammox 131 
 Anaerobic ammonium oxidation (anammox) is an important process that 132 
exists in many natural ecosystems and has a tremendous contribution in global 133 
nitrogen cycle (Kartal et al., 2007). In this biological process, anammox bacteria are 134 
attracted to presence of ammonium and nitrite. Ammonium acts as an electron donor 135 
to reduce nitrite to nitrogen gas with hydrazine as an intermediate under anoxic 136 
condition. The total reaction is simplified as follows: 137 
  NH4+ + NO2− → N2 + 2H2O   (7) 138 
 Anammox was always occurring in wastewater treatment plants. However, 139 
people were not always aware that they were there and did not know what was 140 
responsible for the process (Boumann et al. 2009; Kuenen, 2008). In 1995, anammox 141 
was discovered in a denitrifying fluidized bed reactor for the first time (Mulder et al., 142 
1995). Since then, anammox process had caught researchers’ attention for applying it 143 
into industry. Later in the 2000s, anammox became the trademarked name for the 144 
anammox-based ammonium removal technology (van der Star et al. 2007). To date, 145 
anammox process has proven with a higher nitrogen removal rate, lower operating 146 





 There are five anammox genera have been identified: Brocadia, Kuenenia, 149 
Scalindua, Anammoxoglobus, and Jettenia. Each genus of anammox dominate 150 
different ecosystems, suggesting that anammox is highly adaptable to form ecological 151 
niches (Staunton, 2014). Anammox bacteria, or anaerobic AOB (AnAOB), has an 152 
extremely slow overall growth rate with a doubling time of approximately 2 weeks 153 
(Kuenen, 2008; Staunton, 2014) and they are sensitive to the changes of ambient 154 
environment (Strous, Kuenen, & Jetten, 1999), thus it is not easy to cultivate and 155 
enrich these organisms. Similar to nitrification and denitrification processes, several 156 
factors are also affecting anammox process. High free ammonia (NH3) concentration 157 
has been found to be an inhibitor to AnAOB activity, and the optimal free ammonia 158 
concentration was reported to be less than 20 -25 mg/L (Fernández et al., 2012). pH 159 
can decrease the free ammonia concentration, thus a neutral pH is recommended. 160 
Strous et al. (1999) reported a pH range of 6.7-8.3 is preferable, while Egli et al. 161 
(2001) stated that AnAOB remained well activity within a pH range of 6.5 and 9, 162 
with the optimum pH of 8. Nitrite (NO2-) concentration has also been widely studied 163 
on its inhibition to AnAOB activity. An influent nitrite concentration of 280 mg N/L 164 
and an effluent nitrite concentration of 100 mg N/L is generally considered as an 165 
accepted warning threshold (Jin, Yang, Yu, & Zheng, 2012). As anammox process is 166 
anoxic, a lower DO level is critical to guarantee the AnAOB activity. High 167 
concentration of DO (>18% air saturation) has been reported to have irreversible 168 
inhibition on AnAOB activity (Egli et al., 2001). Additionally, temperature also 169 





2.1.4 Deammonification 172 
 Deammonification is a short-cut nitrogen removal pathway in the nitrogen-173 
cycle and a two-step biological process where AOB aerobically convert about half the 174 
amount of ammonia to nitrite, performing partial nitrification, and the residual 175 
ammonia and nitrite are removed by AnAOB through anammox process under anoxic 176 
condition (Wett, 2007). Theoretically, 62.5% less of oxygen is required for 177 
deammonification compared to complete nitrification based on equation (1) and (3). 178 
Additionally, this process do not need external carbon source to perform 179 
heterotrophic denitrification. Comparing to conventional nitrification and 180 
denitrification in wastewater treatment processes, deammonification is more energy 181 
efficient in treating ammonia-rich wastewater. It is promising for wastewater 182 
treatment plant to become more sustainable, cost effective, and energy positive by 183 
deploying deammonification.   184 
Table 1. Effluent quality of several mainstream deammonification systems 185 







Laureni et al., 2016 1.8 ± 0.4 <0.2 3.6 ± 1.4 5.7 ± 1.3 
Lotti et al., 2014  6.8 ± 5.4 2.3 ± 0.4 9.1 ± 3.1 18.2 ± 8.9 
Regmi et al., 2015 4.4 ± 2.9 0.14 ± 0.2 3.6 ± 2.2 8.14 ± 5.3 
Trojannowicz et al., 2016 6.5 0.3 19.1 25.9 
Han et al., 2015 2.5 0.2 3.9 6.6 
 186 
 Many strategies and systems have been proposed and studied regarding 187 
mainstream deammonification, and the effluent from these systems would have at 188 
least 1-2 mg/L of ammonium residual and the nitrate residual depends on the 189 




deammonification, and the effluent from these systems contained a total nitrogen 191 
higher than 5 mg N/L, mainly in the form of ammonium and nitrate. To meet a 192 
stringent discharge limit for nitrogen removal (3 – 5 mg N/L), a nitrogen polishing 193 






Chapter 3  Manuscript: Polishing Effluent Mainstream 197 
Deammonification in Concurrent Operation of Anammox 198 
and Denitrifier 199 
 This paper is in preparation and planned to submit to Applied Microbiology 200 
and Biotechnology. 201 
Abstract 202 
This study addresses the need to develop a nitrogen polishing process capable of 203 
removing both ammonium and nitrate. The impact of carbon sources (acetate, 204 
methanol, and glycerol) and COD/NO3-N ratio in concurrent operation of anammox 205 
and partial denitrification was assesses under long-term (120 days) operation. Results 206 
suggested that both acetate and glycerol displayed a good potential for partial 207 
denitrification selection. The contribution of partial denitrification to nitrate removal 208 
in both reactors is higher than 90% after acclimation. However, methanol reactor 209 
showed challenges of establishing efficient partial denitrification. The key factor for a 210 
successful concurrent operation of anammox and denitrification lies on controlling 211 
the balance between denitrifier rate and AnAOB rate to simultaneously remove 212 
residual ammonium and nitrate.  213 
Key words: partial denitrification; alternative external carbon sources; COD/N ratio; 214 
anammox; mainstream deammonification; final polishing  215 
3.1 Introduction 216 
 Meeting a stringent discharge limit for nitrogen removal (3 – 5 mg-N/L Total 217 
Inorganic Nitrogen - TIN) requires wastewater treatment plants (WWTPs) in U.S. to 218 




post denitrification polishing process is operated under anoxic condition with external 220 
carbon addition as electron donor for denitrifier to reduce nitrate to nitrogen gas. 221 
However, with a rapid implementation of deammonification in mainstream in many 222 
plants across U.S., residual ammonium ends up in effluent along with nitrate. Laureni 223 
et al. (2016) have shown 1.8 ± 0.4 mg NH4-N/L and 3.6 ± 1.4 mg NO3-N/L in the 224 
effluent; while the effluent quality from Lotti et al. (2015) was 6.8 ± 5.4 mg NH4-N/L 225 
and 9.1 ± 3.1 NO3-N/L; Regmi et al. (2015) reported effluent of 4.4 ± 2.9 mg NH4-226 
N/L and 3.6 ± 2.2 NO3-N/L; and pilot in Han et al. (2015) was operated with 227 
deammonification with effluent quality of 2.5 mg NH4-N/L and 3.9 NO3-N/L. 228 
Therefore, development of novel post denitrification polishing process capable of 229 
removing both ammonium and nitrate is necessary. Under anoxic condition, anoxic 230 
ammonium oxidizing bacteria (anammox - AnAOB) is the only bacteria capable of 231 
removing ammonium at the expense of nitrite (Strous et al., 1997), and denitrifier is 232 
able to reduce nitrate to nitrite; thus combining these two sludge system can 233 
simultaneously remove ammonium and nitrate under anoxic condition. Two sludge 234 
system using moving bed biofilm reactor (MBBR) (Regmi et al. 2015; Gilbert, 235 
Agrawal, Schwartz, Horn, & Lackner, 2015; Pérez, Lotti, Kleerebezem, Picioreanu, 236 
& van Loosdrecht, 2014; Vlaeminck, De Clippeleir, & Verstraete, 2012) can be used 237 
not only to tackle energy problem but also enhance the activity of AnAOB. However, 238 
these designs require constructions of additional infrastructure to accommodate two 239 
separated sludge system.  A concurrent operation of partial denitrification and 240 
anammox can be feasible and economical to achieve the same goal. In this approach, 241 




then AnAOB can remove residual ammonium and nitrite under anoxic condition. 243 
Therefore, the key factor of successful post denitrification polishing process relies on 244 
controlling the balance between denitrifier rate and anammox rate to remove both 245 
ammonium and nitrate completely.  246 
 Denitrification is usually considered as a two-step process, in which nitrate is 247 
first reduced to nitrite (NO3- → NO2-) and then comes to the reduction of nitrite to 248 
molecular nitrogen (NO2- → NO → N2O → N2) (McCarty et al., 1969). Alexander et 249 
al. (1961) stated that the extent of denitrification may vary as a function of the 250 
microorganism community, while some groups of bacteria only capable of reducing 251 
nitrate to nitrite, others are only able to nitrite to nitrogen gas, and some are able to 252 
convert both nitrate and nitrite to nitrogen gas. Nitrate and nitrite reductases in 253 
denitrification accept electrons from several carbon sources. The accumulation of 254 
nitrite in denitrification process can be explained by two mechanisms: (1) repression 255 
of nitrite reductase but not nitrate reductase and/or (2) selection and enrichment of 256 
microorganism only capable of reducing nitrate to nitrite. Wilderer et al. (1987) stated 257 
that nitrite accumulates as a result of enrichment of nitrate reducing bacteria, not as 258 
an intracellular competition between denitrification enzymes. Both nitrate and nitrite 259 
reductases can be inhibited by oxygen, but research has shown that nitrite reductase is 260 
more severely affected, resulting in nitrite accumulation (Tiedje, 1988). Limited 261 
amount of carbon might also can cause partial denitrification by limiting substrate 262 
electron flow to nitrite reductase (Almeida et al., 1995). In this case, carbon will be 263 
consumed quickly by denitrifying bacteria to reduce nitrate to nitrite and there is not 264 




accumulation. Type of carbon source and COD/N ratio also affect the nitrite 266 
accumulation. The nitrite accumulation of 23%, 21% and 17% for glucose, acetic acid 267 
and methanol, respectively, was reported when limited concentrations of the carbon 268 
sources were used (Her and Huang, 1995). Van Rijn et al. (1996) observed high 269 
nitrite accumulation when acetate was used in denitrifying cultures of Pseudomonas 270 
stutzeri. Oh et al. (1999) observed complete denitrification at a value of 3.4 mg N/g 271 
VSS/hr with negligible nitrite accumulation at a COD/N ratio of 2.0. When the 272 
COD/N ratio decreased to 1.0, significant nitrite accumulation was observed and 273 
slowed down the denitrification rate to 2.3 mg N/g VSS/hr.  274 
 Different type of external carbon source has been discovered to have 275 
significant influences on the denitrification process, such as bacteria development, 276 
nitrate reduction rate, and nitrite accumulation (Obaja, Macé, & Mata-Alvarez, 2005). 277 
Generally, methanol is selected as the carbon sources for denitrification due to its low 278 
cost (Bill, Bott, & Murthy, 2009), but it has several backwards connected to 279 
transportation, handling, and storage due to its toxicity and reactivity (Cherchi, 280 
Onnis-Hayden, El-Shawabkeh, & Gu, 2009), which encourages a consideration of 281 
using alternative carbon sources. Ethanol, acetate, and glycerol have been studied as 282 
alternative external carbon sources for denitrification. Acetate and ethanol has shown 283 
a higher denitrification rate and are more readily available for denitrifying bacteria 284 
compared to methanol (Christensson, Lie, & Welander, 1994; Gavazza dos Santos, 285 
Amâncio Varesche, Zaiat, & Foresti, 2004; McCarty, 1969). Regmi et al. (2015) 286 
demonstrated that nitrite produced within a nitritation-denitritation process using 287 




glycerol for denitrification have also observed nitrite accumulation (Bill et al., 2009; 289 
Ledwell, Fabiyi, & Farmer, 2011). These alternative carbon sources have shown 290 
potential for denitrification, however, most of the studies were perform in simple 291 
sludge system (without anammox bacteria) and short-term batch tests. Additionally, 292 
information impact of carbon type on performing partial denitrification under long-293 
term operation is limited.  294 
 The denitrification potential is mainly determined by the stoichiometric ratio 295 
between the organic compound used and nitrate, which is usually expressed as the 296 
COD/N ratio. In co-existing system, with high COD/N ratio, denitrifier can out-297 
compete AnAOB for nitrite, resulting a decrease in ammonium removal. Therefore, 298 
COD/N ratio can also be used as a control parameter to balance denitrification rate 299 
with AnAOB rate. Thus, a low COD/N ratio lower than 2 is evaluated in the 300 
suspended sludge system; not only to minimize the suppression of COD on AnAOB 301 
but also favor the partial denitrification.  302 
 Although many studies covered partial denitrification under different 303 
operational conditions, yet not many have investigated the concurrent operation of 304 
partial denitrification and anammox. In this study, the impact of three carbon sources 305 
(acetate, methanol, and glycerol) and COD/N ratio on selecting partial denitrification 306 
was investigated; and the efficiency concurrent operation of partial denitrification and 307 




3.2 Material and Methods 309 
3.2.1 Reactor set-up 310 
 20 L reactors (Figure 1 and Figure 2) and  with internal clarifier were operated 311 
under anoxic conditions in an incubator where temperature was maintained constant 312 
at 20 ᵒC. Magnetic mixer was used to assure the well-mixed condition in each reactor. 313 
pH was controlled between 7-7.5 by dosing sulfuric acid intermittently. Synthetic 314 
wastewater and COD stock solutions stored in separate containers were fed 315 
continuously at the top of the reactors with a hydraulic retention time (HRT) of 15 316 
hours. Reactors were inoculated with AnAOB granules from a sidestream DEMON 317 
system (Strass, Austria) collected from the cyclone underflow. This fraction 318 
accounted for 70% of the mixed liquor concentration and to other 30% was provided 319 
by nitrification/denitrification sludge from Blue Plains AWTP operating at a total 320 
SRT of 25 days and acclimated to methanol dosing for denitrification. Due to reactor 321 
design deficiency and floating granules in the clarifier, all three reactors had effluent 322 
challenge in maintaining good effluent quality and thus retain enough granules (Table 323 
2, 3, and 4). To alleviate the situation of loss of biomass, effluents from three reactors 324 
were collected separately then pour through a 53 µm sieve every day and brought 325 





Figure 1. Schematic diagram of reactor 328 
 329 
  330 
Figure 2. Photograph of reactor 331 
3.2.2 Synthetic Wastewater Preparation  332 
 Synthetic wastewater feed was prepared in separate feeding tanks (70L) for 333 
each reactor, and the composition contained 22 mg NH4+-N/L (NH4HCO3), 44 mg 334 
NO3—N/L (KNO3), 200 mg CO32-/L (NaHCO3), 0.5 mg PO43--P/L (K2HPO4). 335 
Ammonium and nitrate loading rates of 36 and 72 mg N/L/d were maintained 336 
throughout the experiment, which are the same as secondary effluent loading of Blue 337 
Plains Advanced Wastewater Treatment Plant (AWTP). Thus in these bench-scale 338 
systems, ammonium and nitrate concentrations were non-limited to evaluate only the 339 
impact of COD. The synthetic wastewater was prepared with plant effluent from Blue 340 




fed into the anoxic reactors. After the initial nitrogen gas flushing, the dissolved 342 
oxygen concentration the values fluctuated between 3.5 and 7.0 mg O2/L. COD stock 343 
solutions were concocted with pure methanol, pure glycerol, and sodium acetate, 344 
respectively, in separate containers (2L) with COD concentration of 1400 mg COD/L. 345 
 3.2.3 Nutrient Concentration Analysis 346 
 System performance was evaluated on a daily basis (after 1 HRT) and 347 
concentration of ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), phosphate (PO4-), 348 
soluble COD and TSS/VSS were analyzed. 349 
 Samples for nutrient (nitrogen and phosphorus) and COD analysis were taken 350 
and immediately filtered through 0.45 μm membrane filters. Then they were analyzed 351 
by HACH vials (Loveland, CO). Procedures strictly followed the HACH method 352 
(Appendix A.1). TSS/VSS were measured according to Standard methods (ALPHA, 353 
1998). 354 
3.2.4 Determination of Contribution to Nitrate Removal 355 
 Contribution of AnAOB, nitrite accumulation, and full denitrification are 356 
calculated based on the nitrate specific removal rate. AnAOB contribution to nitrate 357 
removal is determined as follows: 358 
    (8) 359 
 Where (1.32-0.26) is the conversion factor of ammonium removal rate to 360 
nitrate removal rate based on the stoichiometry of anammox reaction. 361 




    (9) 363 
 Partial denitrification (PDN) contribution is the sum of AnAOB and nitrite 364 
accumulation contribution. 365 
 Full denitrification (FDN) contribution to nitrate removal is determined as: 366 
      FDN% = 100% – PDN% = 100% – (AnAOB% + Nitrite%)       (10) 367 
3.3 Results 368 
3.3.1 Methanol Reactor 369 
 Throughout the period, COD/NO3-N addition was maintained around a ratio 370 
of 1.0 (Table 2). Initially, 49 ± 16% of the reduced NO3--N was available for AnAOB 371 
achieving a specific removal rate of ammonium of 5.3 ± 1.4 mg N/gVSS/d (Table 2). 372 
The observed yield of the system was 4.6 g COD added per TIN (total inorganic 373 
nitrogen) removed during the first two weeks of operation. Due to inefficient 374 
retention of the AnAOB granules, a continuing decrease of AnAOB contribution to 375 
nitrate removal was observed. Unlike other reactors where a loss of AnAOB biomass 376 
resulted in nitrite accumulation (Figure 4 and 5), in the methanol reactor nitrite 377 
accumulation was never observed and decreasing AnAOB contribution lead to 378 
increased full denitrification contribution (Figure 3B). At the end of the experimental 379 
period, only 32 ± 12% of the reduced nitrate nitrogen was used by AnAOB. 380 
Ammonium specific removal rates thus decreased from 5.3 ± 1.1 mg N/gVSS/day 381 
(day 1 to 30) to 4.5 ± 1.1 mg N/gVSS/day (day 31 to 40). Due to the continuous loss 382 
of AnAOB contribution without observation of any nitrite, the reactor was dismantled 383 




Table 2. Summary results of methanol reactor 385 
Parameter Period 1 (day 16-40) 
COD/NO3-N dosing 1 ± 0.1 
MLSS (mg TSS/L) 1096 ± 233 
Effluent TSS (mg TSS/L) 6 ± 3 
Effluent nitrite (mg N/L) 0.15 ± 0.19 
Effluent COD (mg sCOD/L) N/A 
NO3 removal (mg N/gVSS/d) 11.8 ± 4 
Partial denitrification (mg N/gVSS/d) 5.3 ± 1.5 
NH4 removal (mg N/gVSS/d) 5.3 ± 1.4 
N balance  
     Full DN (%) 51 ± 16 
     Partial DN (%) 49 ± 16 
          NO2 accumulation (%) 0 ± 0 
          AnAOB contribution (%) 49 ± 16 
 386 
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Figure 3. Trends of parameters assessing methanol reactor performance: A) NH4+-N and NO3--389 
N specific removal rate and NO2--N specific accumulation rate; B) Relative contribution of 390 




3.3.2 Glycerol Reactor 392 
 During the first 27 days of operation, glycerol reactor was running at similar 393 
COD/NO3-N addition of 1.0 compared to the methanol reactor. The initial observed 394 
AnAOB contribution to nitrate removal was 77 ± 13%. The observed yield of the 395 
system was 3.1 g COD added per TIN removed and overall nitrate specific removal 396 
rate was 9.5 mg N/gVSS/day (Table 3). During this period, no nitrite accumulation 397 
was observed (Figure 4B), indicating a good balance between AnAOB rates and 398 
partial denitrification and resulting in partial denitrification rates reached of 7.1 ± 1.6 399 
mg N/gVSS/day. Due to a sudden loss of AnAOB activity, probably caused by 400 
increased chlorine levels in the Blue Plains effluent, nitrite started to accumulate from 401 
day 28 onwards. AnAOB specific removal rates decreased from 7.2 mg NH4-402 
N/gVSS/day at day 28 to 2.4 mg NH4-N/gVSS/day at day 34. Despite the decreased 403 
AnAOB rates, partial denitrification increased to approximately 100% (period 2-II, 404 
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Figure 4. Trends of parameters assessing glycerol reactor performance: A) NH4+-N and NO3--N 408 
specific removal rate and NO2--N specific accumulation rate; B) Relative contribution of 409 
AnAOB, Nitrite accumulation, and Full Denitrification to NO3--N removal. 410 
 411 
 To investigate the impact of nitrate removal rate on the partial denitrification 412 
selection and its balance with AnAOB rates, COD/NO3-N ratios were modified 413 
between day 28 and 57 by increasing or decreasing the carbon dosing rate. In period 414 
2-I, nitrate specific removal rate was higher than in period 1 even though lower 415 
COD/NO3-N ratios (0.5 instead of 1) were dosed (Table 3). An increased residual 416 
soluble COD was observed in the effluent accounting for 6.1 ± 1.4 mg COD/L, when 417 
subtracting the non-biodegradable COD in the feeding influent from the total soluble 418 
COD fraction in the effluent (period 2-I, Table 3). Later in period 2-II, COD/NO3-N 419 
ratio was raised back to 1.0 and nitrate removal rates doubled as a result of this. 420 
Nitrite accumulation kept increasing and the partial denitrification finally reached 421 




N/gVSS/day during this period. COD residual in the effluent also increased to 12.4 ± 423 
4.9 mg COD/L as more carbon was dosed. Within these two periods, similar 424 
ammonium removal rates and AnAOB contribution was observed (Figure 4. A, B).  425 
 As the nitrite residual in the effluent reached a peak of 15 mg NO2-N/L in the 426 
effluent on day 55, COD/NO3-N ratio was decreased to 0.5 in an attempt to better 427 
balance the partial denitrification rates with AnAOB rates. However, AnAOB rate 428 
remained limited (Table 3) and thus additional AnAOB biomass (5g of AnAOB-TSS) 429 
was added to restore the balance and investigate if nitrite accumulation was needed to 430 
maintain proper partial denitrification selection (day 73, Figure 4 A, B). Nitrite 431 
accumulation decreased for the first 4 days, but started to increase quite rapidly on 432 
day 80 and thus an extra addition of AnAOB biomass (10 g AnAOB-TSS) was added 433 
to the system. Consequently, nitrite residual in the effluent was eliminated by the 434 
additional AnAOB biomass in the first 5 days, then it started to increase rapidly, 435 
which was similar as previous observation. By comparing period 3 and 2-I (Table 3), 436 
a lower nitrate removal rate in period 3 was observed, which can be explained by the 437 
loss of denitrifiers biomass as confirmed by mixed liquor concentration drop from 438 
1304 ± 92 to 1097 ± 106 mg TSS/L. Additionally, lower nitrite accumulation and 439 
partial denitrification rate were also observed, coupling with less soluble COD in the 440 
effluent. At the meantime, ammonium specific removal rate increased to 5.8 ± 0.7 mg 441 
NH4-N/gVSS/day, leading a rise of AnAOB contribution to 78 ± 24%. However, the 442 
partial denitrification percentage remained relatively stable and a huge contribution, 443 
with an average of 94 ±11% (Table 3-Period 3). On day 108, another 10 g AnAOB-444 




biomass addition. As expected, a trend of nitrite re-accumulation was clearly 446 
observed after five days of operation and the partial denitrification remained as the 447 
major removal pathway of nitrate, with an average of 88 ± 9% (Table 3-Period 4). 448 
Table 3. Summary results of glycerol reactor 449 














0.9 ± 0.2 0.5 ± 0.1 1.0 ± 0.3 0.5 ± 0.1 0.9 ± 0.2 
MLSS 
 (mg TSS/L) 
1689 ± 189 1304 ± 92 995 ± 52 1097 ± 
106 
1402 ± 60 
Effluent TSS 
 (mg TSS/L) 
37 ± 19 32 ± 15 38 ± 19 26 ± 5 19 ± 6 
Effluent NO2- 
 (mg N/L) 
0.09 ± 0.05 4.6 ± 1.02 9.6 ± 4.5 1.3 ± 1.4 2.2 ± 2.3 
Effluent COD  
(mg sCOD/L) 
1.18 ± 1.49 6.1 ± 1.4 12.4 ± 4.9 3.5 ± 3.6 4.2 ± 6.4 
NO3- removal  
(mg N/gVSS/d) 




7.1 ± 1.6 8.5 ± 1.3 20.7 ± 9.5 7.5 ± 2.4 10.2 ± 2.6 
NH4+ removal  
(mg N/gVSS/d) 
7.1 ± 1.6 2.2 ± 0.5 3.3 ± 1.3 5.8 ± 0.7 8.0 ± 3.0 
N balance      
     Full DN (%) 23 ± 13 16 ± 7 0 ± 0 6 ± 11 12 ± 9 
     Partial DN (%) 77 ± 13 84 ± 7 100 ± 0 94 ± 11 88 ± 9 
          NO2 
accumulation (%) 
0.4 ± 0.5 62 ± 6 82 ± 7 17 ± 20 23 ± 28 
          AnAOB        
contribution (%) 
77 ± 13 22 ± 6 18 ± 7 78 ± 24 66 ± 26 
 450 
 451 
3.3.3 Acetate Reactor 452 
 During period 1 (Table 4), nitrate specific removal rate of 14.6 mg NO3-453 
N/gVSS/day, fastest among three carbon sources, and extremely small low nitrite 454 




ratio with other two reactors. Although acetate reactor displayed a lower partial 456 
denitrification percentage compared to glycerol reactor, a lower yield of 2.5 g COD 457 
added per TIN removed was observed. An ammonium removal rate of 7.8 ± 1.8 mg 458 
N/gVSS/day (Table 4) was similar to the observed rate in the glycerol reactor (Table 459 
3) but was faster than the methanol reactor (Table 2). As low nitrite accumulation was 460 
observed (< 0.2 mg NO2-N/L), AnAOB contribution to the nitrate removal equaled 461 
the partial denitrification contribution and was 54 ± 9% during the first 27 days 462 
(Table 4-Period 1).  463 
Table 4. Summary results of acetate reactor 464 






COD/NO3-N dosing 0.9 ± 0.2 1.3 ± 0.2 0.5 ± 0.1 
MLSS (mg TSS/L) 1421 ± 249 565 ± 96 470 ± 89 
Effluent TSS (mg TSS/L) 41 ± 39 25 ± 7 27 ± 12 
Effluent nitrite (mg N/L) 0.08 ± 0.02 6.9 ± 2.0  0.4 ± 0.3 
Effluent COD 
 (mg sCOD/L) 
0.7 ± 1.0 9.1 ± 2.8 1.9 ± 4.6 
NO3 removal 
 (mg N/gVSS/d) 
14.6 ± 3.2 26.9 ± 7.2 10 ± 3.4 
Partial denitrification  
(mg N/gVSS/d) 
7.7 ± 1.8 22.4 ± 6.2 8.9 ± 2.9 
NH4 removal 
 (mg N/gVSS/d) 
7.8 ± 1.8 6.9 ± 1.5 8.8 ± 2.3 
N balance    
     Full DN (%) 46 ± 9 15 ± 15 8 ± 13 
     Partial DN (%) 54 ± 9 85 ± 15 92 ± 13 
 NO2 accumulation (%)                                 0.4 ± 0.3 58 ± 12 12 ± 8 
 AnAOB contribution (%) 53 ± 9 26 ± 5 79 ± 18 
 465 
 Similar to the glycerol reactor, a drop of AnAOB activity was also observed 466 
on day 28 due to increased chlorine concentrations in the feed. However, in this 467 
system the loss of AnAOB activity and the resulting nitrite accumulation showed 468 




accumulation up to 9.3 mg NO2-N/L from day 34 onwards (Figure 5, Table 4). The 470 
latter was also induced by operation at increased COD/NO3-N at day 40 (Figure 5B). 471 
In period 2, partial denitrification contribution increased to 85 ± 15% on average and 472 
up to 100% (Figure 5B, Table 4). During this period, high nitrite residual in the 473 
effluent (6.9 ± 2.0 mg NO2-N/gVSS/day) under increased partial denitrification rates 474 
(26.9 ± 7.2 mg NO3-N/gVSS/day) were observed. Moreover, similar to the glycerol 475 
reactor, increased soluble COD concentration in the effluent (9.1 ± 2.8 mg COD/L) 476 
was observed. Due to the sudden modification of COD/NO3-N ratio from 1.5 to 0.5 477 
at day 56, a raise of AnAOB contribution and reappearance of full denitrification was 478 
observed (Figure 5B). System performance returned to similar results as previous 479 
days after a few days of acclimation (day 66), with nitrite re-accumulation and almost 480 
100% partial denitrification contribution (Figure 5B).  481 
 On day 73, additional AnAOB biomass (5 g AnAOB-TSS) was added in an 482 
attempt to better balance the partial denitrification rates with AnAOB rates and thus 483 
avoiding nitrite accumulation, leading to an increase of ammonium specific removal 484 
rate up to 8.8 ± 2.3 mg N/gVSS/day (Table 4-Period 3) and AnAOB contribution 485 
from 26 ± 5% (Period 2) to 79 ± 18% in period 3, while efficient partial 486 
denitrification (92 ± 13%) has been maintained since period 2 (Table 4). While nitrite 487 
levels were maintained low (0.4 ± 0.3 mg NO2-N/L) and partial denitrification was 488 
maintained efficiently, decreased effluent soluble COD levels were achieved (1.9 ± 489 
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Figure 5. Trends of parameters assessing acetate reactor performance: A) NH4+-N and NO3--N 494 
specific removal rate and NO2--N specific accumulation rate; B) Relative contribution of 495 
AnAOB, Nitrite accumulation, and Full Denitrification to NO3--N removal. 496 
 497 
 On day 108, due to an additional washout of mixed liquor concentration 498 
caused by technical failure, leaving only 373 mg TSS/L in the system, additional 499 
AnAOB biomass (5 g AnAOB-TSS) was added. This allowed for restoring reactor 500 
performance including low nitrite accumulation (<0.4 mg NO2-N/L), stable 501 
ammonium specific removal rates (9.15 ± 1.9 mg NH4-N/L), and stable nitrate 502 
specific removal rates (11.8 ± 3.4 mg NO3-N/L). Both AnAOB biomass (day 73 and 503 
day 108) addition have helped to maintain an efficient partial denitrification during 504 




3.4 Discussion 506 
3.4.1 Impact of COD source 507 
 All carbon sources tested were able to achieve a combination of partial 508 
denitrification and AnAOB activity, especially when AnAOB rates were sufficient. 509 
Methanol showed the least potential for partial denitrification followed by acetate and 510 
glycerol. Within period 1 of the long-term experiments, glycerol showed higher 511 
partial denitrification selection (77 ± 13%) compared to acetate (54 ± 9%), which 512 
indicates that reactors using glycerol or acetate as carbon source are tended to 513 
perform partial denitrification instead of full denitrification, thus creating 514 
considerable nitrite availability and an efficient nitrite assimilation through AnAOB. 515 
Intracellular carbon storage may be a reason allowing for a better partial 516 
denitrification selection. The storage of polyhydroxyalkanoates (PHA) can be 517 
commonly observed in heterotrophic bacteria and it happens as the electron donor and 518 
electron acceptor may not be steadily provided in the ambient environment (Carucci, 519 
Dionisi, Majone, Rolle, & Smurra, 2001; Krasnits, Beliavsky, Tarre, & Green, 2013). 520 
In such cases, bacteria with the ability to store carbon could outcompete the bacteria 521 
without such ability (van Loosdrecht, Pot, & Heijnen, 1997). Acetate and glycerol 522 
have been verified that they can be converted to poly-3-hydroxybutyrate (PHB) and 523 
stored intracellularly for future growth and serving as effective electron donors for 524 
denitrification (Carucci et al., 2001; Moralejo-Gárate, Mar’atusalihat, Kleerebezem, 525 
& van Loosdrecht, 2011). Turning to carbon cycle of acetate and glycerol, the carbon 526 
storage can potentially lead to a faster electron pool for nitrate reduction. 527 




process are catalyzed by nitrate- and nitrite-reductase, respectively (Bedmar, Robles, 529 
& Delgado, 2005). Nitrate reductase has a higher electron capacity than nitrite 530 
reductase as two electrons are transferred per mole nitrate reduced while one electron 531 
is transferred per mole nitrite reduced. With the carbon storage, or electron storage, 532 
nitrate reductase could take up more electrons, thus creating sufficient nitrite 533 
availability for anammox. In this result, different nitrate removal rate among three 534 
carbon sources was observed (period 1 in Table 2, 3, and 4), and acetate reactor 535 
displayed the fastest nitrate removal rate and partial denitrification rate, even though 536 
glycerol reactor showed a higher partial denitrification selection. Both acetate and 537 
glycerol demonstrated a better partial denitrification potential than methanol. 538 
 Although there was a difference in the partial denitrification selection in 539 
period 1, partial denitrification specific rates were similar between glycerol and 540 
acetate reactors (7.1 ± 1.6 vs 7.7 ± 1.8 mg N/gVSS/d) as acetate reactor performed a 541 
faster nitrate specific removal rate. Acetate is an effective substrate for energy 542 
production because it can be directly used to produce acetyl-CoA before starting the 543 
CAC (citric acid cycle) to produce energy (Ge et al., 2012).  Comparing to acetate, 544 
glycerol is converted to pyruvate before going through pyruvate oxidation to produce 545 
acetyl-CoA for the citric acid cycle. The difference in metabolism pathway explains 546 
why acetate performed the fastest nitrate specific removal rate and lowest COD 547 
addition per TIN removal (2.5 g COD added per TIN removed).  548 
 Despite of same operational conditions, acclimation of the mixture of BNR 549 
and AnAOB sludge to different carbon sources behaved differently in period 1 550 




denitrification. The partial denitrification selection difference between the carbon 552 
sources tested might be related to how and where electrons are donated. Competition 553 
for electron donor between nitrate and nitrite reductases has also been reported 554 
(Almeida, Reis, & Carrondo, 1995; Thomsen, Geest, & Cox, 1994; van Rijn, Tal, & 555 
Barak, 1996), and as advocated by van Rijn et al. (1996), electrons are transferred 556 
from either ubiquinone or cytochrome b in the upstream region of electron transfer 557 
chain to nitrate reductase whereas nitrite reductase accepts electrons from cytochrome 558 
c in a more downstream region. If electrons are donated in the upstream region, an 559 
increase of nitrite availability is expected. In this study, glycerol and acetate have 560 
displayed a better potential for partial denitrification and AnAOB contribution 561 
compared to methanol in period 1 (Table 2, 3, and 4). Acetate donates electrons 562 
closer to nitrate reductase in the upstream region instead of nitrite reductase in the 563 
downstream region, leading to a faster nitrate reduction rate and thus more nitrite 564 
availability (van Rijn et al., 1996). Similarly, glycerol has also been found as a readily 565 
electron donor to cytochrome b in the upstream region (Stewart, 1988). Methanol, 566 
however, has been studied that cytochrome c plays an important role in oxidizing 567 
methanol and the electron-donating location of methanol is majorly close to 568 
downstream region (Van Verseveld & Stouthamer, 1978).  Accordingly, the partial 569 
denitrification percentage of methanol reactor in the last week of operation was only 570 
32 ± 12%.  571 
 In later periods, high partial denitrification selection was achieved in both the 572 
acetate as well as the glycerol reactor. It is possible that this might be linked to the 573 




Silverstein (1998) identified certain strains of bacteria that can only reduce nitrate to 575 
nitrite, known as nitrate respiring bacteria, while true denitrifying bacteria can reduce 576 
both nitrate and nitrite. In general, these two bacteria can coexist, but the population 577 
of each community would change along with the alteration of ambient conditions. 578 
Under certain condition, nitrate respiring bacteria has been found to enrich at the 579 
expense of true denitrifying bacteria (Wilderer, Jones, & Dau, 1987). Nitrate respiring 580 
bacteria could possibly dominate the denitrifying bacteria population in both glycerol 581 
and acetate reactor, leading to an exceptional partial denitrification selection. 582 
However, based on the performance after additional AnAOB was added, glycerol 583 
reactor always displayed a considerable nitrite re-accumulation within a week 584 
whereas acetate displayed a relatively low nitrite accumulation, indicating glycerol 585 
may not be a better choice for coupling anammox with partial denitrification.  586 
 Similar ammonium removal rates have been observed in glycerol and acetate 587 
reactors, while methanol reactor displayed a lower ammonium removal rate (Table 2, 588 
3, and 4). The possible reasons could be the methanol inhibition on AnAOB activity 589 
(Güven et al., 2005) , or the competition between AnAOB and denitrifiers as nitrite 590 
accumulation was not observed throughout the experiment. Studies have found out 591 
that AnAOB are capable of dissimilatory nitrate reduction to ammonium (DNRA) 592 
with nitrite as intermediate product at the expense of organic compounds (Kartal et 593 
al., 2007; Strous et al., 2006). In this study, it is possible that AnAOB and 594 
denitrifying bacteria competed for the carbon, intriguing an unclear impact on partial 595 
denitrification selection. Organic compounds could be a key factor on successful 596 




is still unclear. Since period 2, glycerol reactor has displayed a slower ammonium 598 
specific removal rate than acetate reactor, which allowed for a higher nitrite residual 599 
in the effluent. Regarding AnAOB activity, acetate seems to be a better choice for 600 
coupling anammox with partial denitrification. Additionally, the ability 601 
Possible reasons for selecting a better partial denitrification are provided above, more 602 
researches need to be implemented regarding to carbon metabolism. 603 
3.4.2 Impact of COD/NO3-N ratio 604 
 COD/NO3-N ratio has been reported to have an impact on the extent and rate 605 
of denitrification process (Ge et al., 2012; Her & Huang, 1995; Yang, Wang, & Zhou, 606 
2012). By dosing a lower COD/NO3-N ratio, Tseng, Potter, and Koopman (1998) 607 
observed that partial denitrification occurred and Oh and Silverstein (1999) found out 608 
nitrite started to accumulate when the COD/N ratio was 1 whereas no nitrite 609 
accumulated with a COD/NO3-N ratio in the range of 2 to 3. In this study, reactors 610 
were conducted under COD/NO3-N ratio from 0.5 – 1.5, both glycerol and acetate 611 
demonstrated an exceptional performance of partial denitrification after day 40 612 
(Figure 4B and 5B). The impact of carbon source might help to determine a very 613 
strict COD/NO3-N ratio, or at least a range, for coupling denitrification with AnAOB. 614 
Ever since day 40, changing COD/NO3-N ratio in glycerol reactor did not show an 615 
obvious impact on the partial denitrification selection, which may be related to the 616 
biocommunity selection in the initial period. Under low carbon dosing, true 617 
denitrifying bacteria might be outcompeted by the partial-denitrifying bacteria as they 618 
do not have enough electrons provided. Martienssen and Schöps (1999) reported that 619 




With both low HRT (lower than 1.5 days) and COD/NO3-N ratio (lower than 2.5), 621 
denitrifying community were enriched with nitrate respiring bacteria and bacteria 622 
which reduced nitrate with nitrite as an intermediate product. In this study, HRT was 623 
around 15 hours and COD/NO3-N ranged from 0.5 to 1.5, which could help to shape 624 
the denitrifying community.  625 
 Furthermore, denitrifying community selection could also be completed 626 
through Sludge Retention Time (SRT) control. Cao et al. (2013) proposed that the 627 
dominant factor for nitrite accumulation in denitrification process seems to be the 628 
species composition within the denitrifying community itself. Du et al. (2017) studied 629 
a DEAMOX (DEnitrifying AMmonium OXidation) process using seeding sludge 630 
from inoculated partial-denitrification sludge and partial denitrification of 96.7% 631 
using acetate and 89.3% using ethanol, respectively, were achieved with COD/N ratio 632 
of 3. Although SRT control was not performed purposely in this study due to reactor 633 
design deficiency, both acetate and glycerol performed a partial denitrification 634 
percentage of higher than 90% after 40 days of operation (Table 3 and 4). Full 635 
denitrifying bacteria may have been out-selected due to factors such as short HRT, 636 
low COD/NO3-N, etc. It is possible that once the partial denitrifying bacteria 637 
compose the majority of denitrifying community in the sludge system, COD/NO3-N 638 
ratio may not be a crucial factor to more nitrite availability for AnAOB. Nevertheless, 639 
COD/NO3-N ratio could be more important in a mixed denitrifying community as a 640 
method to control extent and rate of denitrification process, thus creating sufficient 641 
nitrite availability to AnAOB. It is essential to find the balance between these two 642 




 A certain amount of soluble COD in the effluent has been noticed since nitrite 644 
started to accumulate from period 2 in both acetate and glycerol reactor (Table 3 and 645 
4). Both reactors were performing efficient partial denitrification and seem to share a 646 
pattern that more soluble COD left in the effluent coupling with higher PDN selection 647 
and nitrite accumulation. A higher nitrite accumulation was caused by raising COD/N 648 
ratio from 0.5 to 1.0, thus a faster partial denitrification rate was obtained and more 649 
COD was leaving the reactor within the same hydraulic retention time (HRT). In this 650 
study, partial denitrifying bacteria were possibly selected and these organisms, 651 
however, were not efficient enough to consume all electron donors, which possibly 652 
could be due to low affinity to the substrate. It is presumed that if a good partial 653 
denitrification is performed; organisms with a high affinity to the substrate are out-654 
selected, thus increasing the COD residual in the effluent. From a cost-efficiency 655 
perspective, another nutrient treating step focused on full denitrification after final 656 






Chapter 4  Conclusions 660 
 This study was designed to evaluate the impact of carbon type and COD/NO3-661 
N ratio on selecting partial denitrification and the concurrent operation of partial 662 
denitrification and anammox. Results suggested that both glycerol and acetate 663 
showed a great potential in promoting partial denitrification, while methanol did not.  664 
 In glycerol reactor, partial denitrification percentage could remained higher 665 
than 90% after day 45, but most of it was contributed by nitrite accumulation. Each 666 
time after AnAOB biomass addition, nitrite started to re-accumulate in a short period. 667 
Furthermore, ammonium specific removal rate was always slower in glycerol reactor 668 
despite of available nitrite present, indicating that glycerol may not be a good choice 669 
for coupling partial denitrification with anammox process. However, glycerol reactor 670 
always had a higher percentage of partial denitrification, implying that it is the best 671 
carbon source among three for selecting partial denitrification.  672 
 Similar as glycerol, acetate also displayed a good potential for partial 673 
denitrification. Due to the chlorine incident in plant effluent, AnAOB activity was 674 
impaired, leading to nitrite accumulation. Unlike glycerol reactor, nitrite did not re-675 
accumulate in acetate reactor after AnAOB biomass addition. Furthermore, 676 
ammonium removal rate in acetate was the fastest among three carbon sources. 677 
Overall, acetate could be a carbon source for selecting partial denitrification, not as 678 
efficient as glycerol though, and showed the greatest potential for the concurrent 679 




 As the most wildly used carbon source for denitrification in full-scale systems, 681 
methanol did not show a good potential in promoting partial denitrification, with 682 
decreasing AnAOB activity observed. 683 
 In this study, COD/NO3-N ratio did not show a clear impact on partial 684 
denitrification selection, especially after the partial denitrification contribution reached a 685 
high percentage in both glycerol and acetate. However, as a low carbon to nitrogen ratio 686 
was maintained from the beginning, which may contribute to the selection process. 687 
Furthermore, the property of the carbon source might help to determine a very strict 688 
COD/NO3-N ratio, or at least a range, for promoting partial denitrification, which is 689 
beneficial for this nitrogen polishing step. 690 
 As acetate has been identified as the most beneficial carbon source for 691 
coupling partial denitrification with anammox, it is used as external carbon in the 692 
final polishing step of an ongoing study of mainstream deammonification pilot in DC 693 
Water for further research. 694 






A.1 Detailed Test Procedures 698 
 In this study, concentration of ammonia, nitrite, nitrate, phosphate, and 699 
soluble COD were measured with HACH test vials. Detailed test procedures are as 700 
follows: 701 
1. Ammonia, high range (2-47 mg/L NH3-N) 702 
 After sample is collected and filtered into a clean culture tube, 0.2 mL of 703 
filtered sample is pipetted into the test vial. Shake the test vial two to three times, 704 
make sure all the reagent in the cap has dissolved and wait for 15 mins. Before 705 
inserting the test vial into the DR2800 photo analyzer for reading, clean the vial with 706 
vial-tissue and invert the test vial two to three times. (HACH, Ammonia-Salicylate 707 
HR TNT Method 10205) 708 
2. Nitrite, low range (0.015 to 0.600 mg/L NO2-N) 709 
 After sample is collected and filtered into a clean culture tube, 2 mL of 710 
filtered sample is pipetted into the test vial. Shake the test vial two to three times, 711 
make sure all the reagent in the cap has dissolved and wait for 15 mins. Before 712 
inserting the test vial into the DR2800 photo analyzer for reading, clean the vial with 713 
vial-tissue and invert the test vial two to three times. (HACH, Nitrite Diazotization 714 
LR Method 10207) 715 
3. Nitrite, high range (0.6 to 6.0 mg/L NO2-N) 716 
 After sample is collected and filtered into a clean culture tube, 0.2 mL of 717 
filtered sample is pipetted into the test vial. Shake the test vial two to three times, 718 




inserting the test vial into the DR2800 photo analyzer for reading, clean the vial with 720 
vial-tissue and invert the test vial two to three times. (HACH, Nitrite Diazotization 721 
HR Method 10237) 722 
4. Nitrate, low range (0.23 to 13.50 mg/L NO3-N) 723 
 After sample is collected and filtered into a clean culture tube, 1 mL of 724 
filtered sample and 0.2 mL of solution A are pipetted into the test vial. Shake the test 725 
vial two to three times, make sure all the reagent in the cap has dissolved and wait for 726 
15 mins. Before inserting the test vial into the DR2800 photo analyzer for reading, 727 
clean the vial with vial-tissue and invert the test vial two to three times. (HACH, 728 
Nitrate Dimethylphenol LR Method 10206) 729 
5. Nitrate, high range (5 to 35 mg/L NO3-N) 730 
 After sample is collected and filtered into a clean culture tube, 0.2 mL of 731 
filtered sample and 1 mL of solution A are pipetted into the test vial. Shake the test 732 
vial two to three times, make sure all the reagent in the cap has dissolved and wait for 733 
15 mins. Before inserting the test vial into the DR2800 photo analyzer for reading, 734 
clean the vial with vial-tissue and invert the test vial two to three times. (HACH, 735 
Nitrate Dimethylphenol HR Method 10206) 736 
6. Phosphorus, Reactive (Orthophosphate) and Total  (0.05 to 1.50 mg/L 737 
PO4-P) 738 
 After sample is collected and filtered into a clean culture tube, 2 mL of 739 
filtered sample and 0.2 mL of solution B are pipetted into the test vial. Put a grey 740 
DosiCap C on the vial and shake the test vial two to three times, make sure all the 741 




into the DR2800 photo analyzer for reading, clean the vial with vial-tissue and invert 743 
the test vial two to three times. (HACH, Ascorbic Acid LR Method 10209 (Reactive) 744 
and Method 10210 (Total)) 745 
7. COD, low range (3 to 150 mg COD/L) 746 
 Preheat the DRB200 Reactor to 150°C. After sample is collected and filtered 747 
into a clean culture tube, 2 mL of filtered sample is pipetted into the test vial. Close 748 
the vials tightly and shake it several times. Put the vial into the preheated DRB200 749 
Reactor for 2 hours and invert the vial every 30 mins. After 2 hours, place the vial in 750 
a clean tube rack for cooling to room temperature. Before inserting the test vial into 751 
the DR2800 photo analyzer for reading, clean the vial with vial-tissue and invert the 752 
test vial two to three times. (HACH, Chemical-Reactor Digestion Method 8000)  753 
8. TSS/VSS  Standard methods, (ALPHA, 1998) 754 
 Preparation: Place the metal containers with filters installed into a 550°C 755 
furnace for 20 minutes. Cool the crucibles down for 20 minutes, Store them in a rack 756 
in the oven at 104°C overnight. Remove the metal plates from the oven and let them 757 
cool in a desiccator for at least 20 minutes before use.  758 
 Procedure: Take an initial weight of each plate with its installed filter. 759 
Utilizing a vacuum flask with the filter on. Depending on MLSS concentration of 760 
samples, different volume of well mixed sample is poured through the filter until the 761 
entire sample has been filtered, rinse the cylinder two times with distilled water. After 762 
the filter is completely drained, move the filter back to the metal plates. Place the 763 
plates with filters and solids into the oven at 104°C for one-hour. Remove the plates 764 




volume of sample used plus the dry weight of the sample are used to calculate the 766 
TSS, usually as mg/L. To obtain the VSS, place the plates with the filter and dried 767 
sample into the furnace for 20 mins at 550°C. Remove the plates from the furnace 768 
and allow them to cool in the air for 5 minutes. Once again weigh the plates; the VSS 769 
is then calculated, using the volume of the original sample and the furnace dried 770 





A.2 Inorganic Nitrogen Profile in Reactor 773 
 In this study, reactor was fed with synthetic wastewater, which was made with 774 
Blue Plains’ plant effluent, with ammonium loading rate of 36 mg N/L/d and nitrate 775 
loading rate of 72 mg N/L/d, respectively. The loading rate was chosen based on the 776 
designed loading of denitrification reactors in Blue Plains. But the reactor had a HRT 777 
limitation of 15 hours, which was the minimum can be achieved, otherwise the flocs 778 
would be washed out. With this HRT limitation, high concentration of ammonium 779 
and nitrate was incurred. Concentration profile of ammonium, nitrite, and nitrate in 780 
the influent and effluent of each reactor is shown as follows. 781 
 782 
Figure A-1 Concentration profile of ammonium, nitrite, and nitrate in the influent and effluent 783 






Figure A-2 Concentration profile of ammonium, nitrite, and nitrate in the influent and effluent 787 




Figure A- 3 Concentration profile of ammonium, nitrite, and nitrate in the influent and effluent 792 
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